Abstract In the present paper, the bending behavior of Cross Laminated Timber panels is investigated by means of the linear elastic exact solution from Pagano (1970 Pagano ( , 1969. The resulting stresses are the input for a wood failure criterion, which can point out the first-crack load and the respective dominant failure mode. Heterogeneous layers are modeled as equivalent and homogeneous layers. This simplified and deterministic modeling gives results in good agreement with a reference experimental test. A comparison is made with respect to the panel's global stiffness and failure stages within the apparent elastic stage. Finally, parameter studies are carried out, in order to quantify CLT limitations and advantages. The effect of varying properties such as the panel's slenderness, orientation of transverse layers and number of layers for a fixed total thickness are investigated.
Introduction
Cross Laminated Timber (CLT) panels are relatively new wooden structural products consisting in lumber layers glued on their lower and upper faces and stacked crosswise. The combination of easy-assembling, and high in-and outof plane stiffnesses makes this product competitive. Moreover, the crosswise orientation of wooden layers ensures uniform shrinkage and swelling properties. These qualities allow their use for prefabricated floors, walls and even whole structures, in a new, innovative and low-environmental impact way of building. In the last 20 years CLT applications have increased in use from small residential houses to more than 8-story buildings. Although recently several standards have been developed or updated for this product (ANSI/APA 2012; DIN 2004) and some design manuals have been published (Schickhofer et al. 2009; Gagnon and Pirvu 2013) , there is still a need for efficient tools to assess structural efficiency in complex situations. CLT panels can be used as roofs or slabs and therefore submitted to out-of-plane loads. The main structural issue related to their bending behavior is the low transverse shear strength of cross layers. The resulting effect is a rotation of the wood's fibers which leads to the so-called rolling shear brittle failure. This phenomenon becomes more relevant when decreasing the slenderness ratio L / h (h is the plate's thickness and L the span). During last years a significant number of research studies have been carried out on rolling shear effects in wood and in CLT (Zhou et al. 2014; Mestek 2011; Blass and Fellmoser 2004b; Aicher and Dill-Langer 2000) . This demand in research clearly calls for a method to analyze CLT panels in bending, which can well predict the transverse shear effects.
CLT plates in bending are affected by heterogeneities at different levels. First, at the material scale, timber features a pronounced variation in mechanical properties. Then, within each layer, two other kinds of heterogeneities can be differentiated. The local orientation of orthotropic coordinate system is a priori unknown due to the variation of annual ring pattern. Moreover, each layer of CLT is made Electronic supplementary material The online version of this article (doi:10.1007/s00107-016-1038-x) contains supplementary material, which is available to authorized users.
of wooden boards placed side by side, which can be glued or not on their lateral faces, depending on the fabrication process. The resulting discontinuities in the non-gluing case have a non-negligible influence on the mechanical response, as the studies in Sebera et al. (2013) showed. At the structural level, additional heterogeneities can be added in order to meet acoustic and structural needs. Indeed, CLT panels having voids filled by insulating materials are already in production. In this paper, the study is limited to ''low layer heterogeneity'', characterized by only a small spacing of lateral boards. CLT panels having periodic spaces will be the object of further studies.
At the layer scale, an ''equivalent-layer'' mechanical model is suggested to take into account the CLT layer's heterogeneities, leading to simplified hypotheses on layer behavior. Concerning the structural heterogeneity given by the multi-layer composition, there are currently three main design approaches for CLT in bending: the k-method (Blass and Fellmoser 2004a) , the c -method EN (2004) and the shear analogy method proposed by Kreuzinger (1999) . These theories give acceptable results and some of them have already been adopted by standard design codes (EN 2004; DIN 2004) . However their limits lie in a simplified approach, which does not (k-method) or partially (cmethod) take into account transverse shear effects or reduce the 2D problem into a 1D one. Furthermore, all these solutions are suitable only for orthotropic (0°or 90°) lay-up. Starting from these inadequacies in existing methods, Sturzenbecher et al. (2010) showed that high-order plate theories can be used to accurately predict the mechanical behavior of CLT panels in bending. A good match between the predicted deflections and the results of an experimental test available in the literature was found. In the present paper, the exact 3D theory for laminated plates in bending (Pagano 1970 (Pagano , 1969 ) is applied to CLT panels, in order to predict their mechanical response and to analyze plates with non-orthotropic lay-ups. Being a 3D solution, Pagano's theory can give a better estimation of stress distribution across the panel's thickness than simplified approaches, especially when the panel is submitted to concentrated loads. The elastic bending solution is therefore combined with a failure criterion for wood, in order to extend the comparison with a reference test in terms of failure stages. In the present paper, the main topic of interest is CLT mechanical behavior at the layer and structure scale, leading to a simplified modeling at the material scale. Whereas the wood variability has not been taken into account in this study, having a detailed description of 3D stress enables the determination of interesting features of CLT mechanical behavior. Indeed, the influence on panel's bending behavior of having edgeglued or unglued layers is pointed out, as well as the effects of varying layers number and orientation.
All the modeling tools are presented in Section 3 after the introduction, in Section 2, of the reference experimental behavior of CLT panels. In Section 4, the comparison between the predicted and actual behavior is made in terms of the plate's global stiffness and variations in failure stages. The good agreement with the reference results has led to an investigation on CLT properties by means of the parameter studies in Section 5. In this final Section, transverse shear effects occurring in CLT in bending are quantified, as well as further CLT advantages deriving from the variation of layer orientation and number.
2 Reference experimental test Hochreiner et al. (2013) tested square 3-ply and 5-ply CLT panels with slenderness ratios of 10 and 20 and made of Norway spruce lumber boards of strength class C24 (EN 2009) . The plates had their four sides supported and were submitted to concentrated loads at their center. Thanks to a combined measuring system of acoustic emission, LVDTs and accurate cutting of specimens after the failure, progressive failure stages were determined as a function of load levels ( Fig. 1) . At each failure stage, the corresponding crack type identified by the panel's cutting was assigned. The most complete documentation found in the reference paper is about the so-called specimen ''EL4'', a three-layer panel of slenderness ratio of 20. Figure 1 reproduces the reference test result for specimen ''EL4'' in terms of its load-displacement curve, failure stages and respective failure modes. The plate showed a global ductile behavior after the elastic limit, due to its bi-axial bending configuration, whose effect is to redistribute the stresses Fig. 1 Schematic load-displacement curve with identified failure stages and associated crack modes found by Hochreiner et al. (2013) after the first cracks appear. This ''system'' effect is particularly evident in Stage 2, where the global linear behavior is not really affected by the appearance of rolling shear cracks.
All the cracking modes found during the loading process are presented in Figure 2 . The cracks appearing first called ''RS'' and ''EG'' stand respectively for rolling shear failure in cross-layers and edge-gluing failure between lateral boards of the same layer. The failure mode denoted ''TL'' is the tensile failure in direction parallel to grain, while ''I'' is the local indentation perpendicular to grain. The failure called ''RS-T'' is a complex cracking pattern occurring in cross layers at the end of the elastic limit and assumed to derive from interactions between rolling shear and tensile stresses. Moreover, the ''RS-T'' cracking pattern was also a consequence of the geometrical discontinuities appearing between boards of the same layer, after edge-gluing failure.
The comparison between the predicted and experimental bending response is made in terms of the panel's global stiffness in the linear elastic load stage (stage 1 in Fig. 1 ) and the variation of failure modes within the apparent elastic stage (until stage 3 in Fig. 1 ).
Modeling of CLT panels bending behavior
At the material scale, wood is considered as an elastic, brittle and homogeneous material. The heterogeneities characterizing the CLT layers are taken into account by means of an equivalent and homogeneous layer, whose mechanical properties are defined both in terms of elasticity and failure. Once the simplified mechanical behavior is set, the exact 3D solution in elasticity for laminated plates in bending (Pagano 1970 (Pagano , 1969 ) is chosen in order to obtain precise estimation of the plate's mechanical response. Finally, a failure criterion suitable for wood (van der Put 1982) can point out the failure load and the corresponding dominant failure mode of CLT panels in bending.
Mechanical behavior of solid wood
Wood is an orthotropic material with three principal axes. The first one is aligned in the fiber or trunk direction (longitudinal direction, L). In the transverse plane, the remaining two axes are orthogonal to growth rings (radial direction, R) and tangential (tangential direction, T). Figure 3 presents the axes of orthotropy of solid wood. The chosen wood species is Norway spruce (Picea abies), since it is the most widely used wood species in Europe for CLT production and was also used in the reference experiment. The mechanical properties are chosen on the basis of tests in literature on specimens of clear spruce, without knots. Table 1 shows the elastic and strength properties of Norway spruce taken, respectively from Keunecke et al. (2008) and Dahl (2009) . The first subscripts L, T and R represent the wood coordinate system, while the following t and c represent tensile or compressive strength. As it will be shown in the next paragraph, the failure analysis requires the complete set of nine spruce strength parameters, whose values are present only in Dahl (2009) . Another experimental campaign on clear spruce strengths in the LT plane (Eberhardsteiner 2002) confirms the congruity of the chosen values, especially for the tensile strength. The failure behavior presented in Table 1 describes wood's strength with respect only to pure stresses. Therefore, in order to perform an exhaustive failure analysis, a mixed failure criterion for wood is required.
Van der Put's mixed failure criterion for wood
Failure criteria define the material failure by means of normalized expressions, which represent the material's strength surface. A stress state, that reaches or exceeds the failure surface, leads to inelastic phenomena such as damage or plastic strains. The most widely used isotropic failure criteria are based on von Mises maximum distortion energy. These criteria generally follow a quadratic expression which represents a closed surface. Dealing with anisotropic materials, the rotated and translated ellipsoid of Tsai-Wu (Tsai and Wu 1971) is the most common failure surface. The general quadratic expression for orthotropic materials can be written as:
where r and s are respectively the longitudinal and shear stresses in orthotropic coordinates L, T, and R. The capital letters are function of the material strengths and they determine the geometry of the failure surface. While the coefficients of quadratic terms (A, B, C and L, M, N) represent the semi-axes of the elliptical surface, linear (G, H, I) and interaction (D, E, F) terms in (3.1) respectively translate and rotate the ellipsoid. The value of interaction terms in failure criteria for anisotropic materials is still nowadays under discussion. During his studies on failure criteria for wood, van der Put (1982) showed how the value of the interaction term has a negligible influence when the stress path is close to the failure surface. Therefore, Van der Put's failure criterion is a function f ðrÞ like (3.1) but without interaction terms. This failure criterion has been compared in Cabrero et al. (2012) with other criteria applied to spruce failure, and it turned out to be one of the most predictive. Therefore, considering also its simple implementation due to the absence of interaction terms, Van der Put's failure function has been chosen for the failure analysis. The actual values of the strength coefficients of (3.1) as a function of the strength moduli are presented in Appendix A of the Online Resource.
If the failure criterion is proportional to the applied load, it is straightforward to find the failure load from a single linear solution. Whereas r is already proportional to the applied load, the function f ðrÞ derived by van der Put (1982) turns out not to be proportional. Hence, it is necessary to derive a new function FðrÞ, which will describe the same failure surface, but also satisfy the condition When the failure load is determined, it is of particular interest to establish the associated dominant failure mode. This can be achieved by computing the ratios between each of the six stress components expressed in the wood's coordinates (r L , r T , r R , s LT , s RL , s TR ) and their respective strengths (f L;cÀt , f T;cÀt , f R;cÀt , f LT , f RL , f TR ). The maximum value of these ratios can point out the dominant failure mode. This ratio is computed at any point within the panel.
Equivalent CLT Layer model
Both complete (3D) and reduced (2D or 1D) solutions for layered plates in bending consider every layer as homogeneous. In practice, each CLT layer is made of boards placed side by side and it is affected by the heterogeneities presented before. Hence, it is necessary to set a homogeneous ''equivalent CLT layer'' model, which could take such heterogeneities into account. As presented before, the first complexity derives from the variation of growth rings' orientation inside each layer, which leads to an unknown orientation of the local orthotropic coordinate system.
Moreover, in case of unglued lateral boards, the resulting discontinuities influence the equivalent layer. Note that, if the lateral edges of boards were initially glued, the experimental evidence showed that the edge gluing detachment is one of the first failure modes (see Section 2).
Continuous equivalent layer
If the boards' lateral edges are glued, each wooden layer can be viewed as a continuous layer. The same material behavior in directions N and Z of the board's reference frame (Fig. 4) is considered, since the orientation of growth rings is unknown. While the Z direction remains always the same, directions L and N change together with the orientation of the considered layer. Table 2 presents the elastic and strength properties of the continuous Equivalent Layer. The defined elastic moduli for the N or Z direction are the mean values between the corresponding T and R ones for solid wood (Table 1) , while the strength parameters are the lower values.
Discontinuous equivalent layer
When CLT boards are not glued together on their lateral edges, or when in-plane stress caused the edge-gluing detachment, each layer becomes discontinuous ( Fig. 4b ) and such discontinuities preclude any transmission of stresses between separated boards. This also means that failure in N-direction cannot occur. Table 3 shows the considered mechanical behavior of an equivalent and discontinuous layer made of Norway spruce. Intuitively, due to the gaps between lateral boards, the equivalent layer's plane shear modulus G LN may be set to zero (Mestek et al. 2008) . However, all layers are glued on their upper and lower faces and hence the discontinuous CLT panel has a (reduced) in-plane shear stiffness . The same conclusion can be deduced for the plane shear strength of a discontinuous layer. A more accurate investigation on the actual plane shear behavior of a discontinuous layer will be the object of further studies. In this paper, it is assumed that the in-plane shear behavior of layers equals the wood's behavior. The Poisson's ratios m LN and m ZN represent the layer's strain in direction N, due to the imposed strain in directions L and Z, respectively. Considering layers with discontinuities along direction N as in Figure 4b , the values of these coefficients are assumed to be zero.
Pagano's exact solution for laminates in bending
Once the model for an equivalent and homogeneous CLT layer is set, the analytical bending solution can be chosen between complete or reduced approaches. 1D theories (Blass and Fellmoser 2004a; EN 2004; Kreuzinger 1999) have very low computational costs but give approximate results. 2D plate theories for laminates in bending (Lebée and Sab 2011; Thai et al. 2013 ) are still reduced approaches, but return more precise results than beam theories. Nevertheless, the specimens of the reference test were submitted to concentrated loads, which produce complex stress states close to loading area, difficult to predict with reduced approaches. Therefore, the complete 3D solution from Pagano (1970 Pagano ( , 1969 was chosen in order to obtain a precise estimation of CLT bending behavior. Pagano derived such solution for plates having homogeneous layers and perfect connections between them under uni-axial (Pagano 1970) or bi-axial (Pagano 1969 ) bending configurations. The bi-axial bending solution is used for the comparison with the reference test, while the uni-axial solution is applied to the parameter studies on CLT properties. 
Uni-axial bending
The most common bending configuration for structural panels is represented by a plate simply supported on two sides. Pagano's 3D solution for layered plates in uni-axial bending represents such a bending configuration. A plate under uni-axial, or cylindrical, bending has only two sides supported along the same direction, while the other direction is assumed as infinite and there are no boundaries (Fig. 5a ). The displacement field is assumed to be a single Fourier-like series, like the out-of-plane load p 3 , acting on the plate's upper or lower surface. In Pagano's uni-axial bending, the only imposed condition on the bounded edges is zero vertical displacement u 3 , leaving free the in-plane displacements.
Bi-axial bending
CLT panels tested in the reference experiment were supported on their four sides, which corresponds to the biaxial bending solution from Pagano. This solution is valid for rectangular orthotropic plates, whose axes are aligned with the axes of the supports. In this case, all the plate's sides are simply supported (Fig. 5b) and the displacements as well as the surface load p 3 are expressed as double Fourier-like series. The boundary conditions, which make possible Pagano's solution in bi-axial bending, consist in restraining vertical and tangential displacements at the plate's bounded sides. As Fig. 5b shows, the tangential displacements for edges along direction 2 and 1 are respectively u 2 and u 1 . However, since the tangential displacements of the reference panel's edges were not restrained, the experiment configuration has more degrees of freedom than the bending solution.
Further analyses not reported in this paper showed that the reference slenderness ratio of 20 gives a difference of about 10 % between the estimated deflection preventing or not edges' tangential displacements. Hence, when choosing Pagano's bi-axial solution to reproduce the reference test, it is expected to find a global stiffness about 10 % higher than the reference one.
Comparison with the reference test
In this Section, the predicted bending behavior is compared with the reference behavior in terms of the panel's global stiffness and failure stages. Table 4 shows the plate's global stiffness comparison between the reference test and each model for an equivalent CLT layer. When the lateral boards are glued to each other, the panel is continuous and its global stiffness is the slope of the load-displacement curve in the proportional limit (from 0 to 50 kN). Then, when the edge-gluing detachment occurs (&80 kN), the panel presents gaps between boards and its stiffness slightly decreases. For each case, the corresponding equivalentlayer model is used to predict the CLT plate's global stiffness. Because of the experimental uncertainty, a 5.0 % margin of error in measuring the reference value of the plate's stiffness is assumed. Taking into account the discrepancy between modeled and actual boundary conditions described in 3.4.2, a predicted plate's stiffness about 10 % greater than the reference stiffness is expected. Indeed, as Table 4 shows, for both the continuous and discontinuous case, the predicted global stiffnesses are about 10 % higher than the reference stiffness. A CLT plate made of continuous layers shows higher stiffness compared to the one predicted using a discontinuous model, due to the absence in the latter of any contribution of fibers along direction N (see Table 3 ). However, the hypotheses made on elastic properties of continuous and discontinuous CLT layers lead to a relatively small difference between their elastic response in terms of vertical displacements.
Global stiffness
(a) (b) Fig. 5 Pagano's uni-axial (a) and bi-axial (b) bending configurations with corresponding applied loads and boundary conditions. u 1 , u 2 and u 3 stand for the displacements in directions x 1 , x 2 and x 3 , respectively
Failure stages comparison
In addition to the elastic panel's deflection, Pagano's solution can precisely estimate the stress distributions within the panel. In Section 3.2, the identification of failure load and the corresponding dominant failure mode are described. A progressive increase in the load after the first failure leads to a proportional variation of the function FðrÞ within the panel. Therefore, considering simultaneously the spatial distributions of the failure criterion FðrÞ and the related failure mode leads to the derivation of failure stages under linear elastic hypothesis. A preliminary analysis revealed that, when considering the plate's cross-section, the first failures take place under the concentrated load at the plate's center. Hence, an investigation on the variation of failure modes along the plate's axes of symmetry is sufficient. The reference specimen is a CLT 3-ply and its failure stages were introduced in Section 2. For both continuous and discontinuous cases, the distributions of failure load are plotted for the plate's cross-sections at x 1 ¼ a=2 and x 2 ¼ b=2 (see Fig. 5b ). This distribution highlights the load level necessary to reach the failure along the plate cross-sections. Over such a distribution, the superimposition of the dominant failure modes points out the progressive failure stages. Table 5 presents the chosen abbreviations for the failure modes within a layer of a CLT panel. Figure 6a shows the distribution of failure load and failure modes within the panel's cross section predicted with a continuous equivalent layer. For a better presentation, the ratio between the panel's thickness and span is scaled at about 10:1. The first failure mode occurs at about 50 kN of load level. Such a failure mode is a perpendicular compressive failure close to the punching area (N-c), which is actually difficult to observe experimentally. Detailed analyses of stresses revealed how this area is affected by a tri-axial stress state. Therefore, the contribution to material failure derives from all the compression components in direction L, N and Z, with the latter as the dominant one. This is a very local phenomenon not affecting the linear response of the panel at a very short distance from the punch. Moreover, the punch, being modeled as a uniformly distributed load, cannot take into account the actual contact phenomena occurring in the experiment. The subsequent failure stage is tensile failure of the bottom layer in direction N (N-t & 70 kN). Such a predicted failure could explain the corresponding edge-gluing (EG) separation found in the experimental test at similar load levels (see Section 2) along direction N of boards. Rolling shear failure of cross layers (RS & 90 kN) and longitudinal tensile failure of bottom layer (L-t & 100 kN) are the next failure modes. Both of them are estimated at load levels, which slightly deviate from the experimental evidence, especially the tensile failure.
Continuous layer

Discontinuous layer
Since the first significant observed damage is the edgegluing detachment, it is worth investigating a discontinuous equivalent layer. Figure 6b presents the predicted failure stages for a discontinuous equivalent layer. As introduced before, the modeling of discontinuous layers prevents wood's failure in N-direction (Fig. 4b) . Therefore, the first compressive failure close to the punching area is a contribution of only compression in direction L and Z, where the former is the dominant one (L-c & 60 kN). Again, the modeling of wood's mechanical behavior led to a compressive failure close to the punching area, which does not Table 6 summarizes the predicted failure stages with continuous or discontinuous CLT layer and compares them to the experimental evidence. As for the elastic stiffness comparison, each equivalent-layer model is in accordance within ranges of load levels, which correspond to glued or unglued lateral boards. Indeed, the continuous CLT layer gives good prediction on failure modes at low load levels, when the narrow boards are still glued. Notwithstanding the compressive indentation under the punch, the first predicted failure in this stage is tensile failure in the tangential direction within the bottom layer, which could cause the actual edge-gluing failure of neighboring layers found in the experiment. The discontinuous model fits well the experimental evidence at higher load levels, where the actual rise of rolling shear and tensile failures are predicted with a more accurate precision than in a continuous geometry. Finally, it appears that the edge-gluing of narrow boards makes the panel a little stiffer but, being the first failure mode, the already ''damaged'' discontinuous model gives better prediction of global load-carrying capacity of the panel. Therefore the discontinuous equivalent-layer model will be used for the parameter studies on CLT properties presented in the next section. Like every modeling procedure, the predicted bending behavior with the present model depends on the chosen mechanical properties of raw materials. Surprisingly, elastic and strength parameters of clear spruce lead to an accurate prediction of the experimental bending behavior, even if the reference CLT panel was made of boards of strength class C24 having knots. When dealing with CLT in bending, elastic and strength responses mainly derive from either tensile or (rolling) shear effects (Mestek 2011; Hochreiner et al. 2014; Czaderski et al. 2007) , as the previous Section 4.2 also shows. While rolling shear stiffness and strength are commonly assumed to be independent from the presence of defects (ETA 2013; Blass and Fellmoser 2004b, a; Blass and Gorlacher 2000) , tensile properties strongly depend on lumber strength class. Generally, dealing with C24 strength class, a mean elastic modulus value of 11.0 GPa (EN 2009) and a mean tensile strength of about 30 MPa (Stapel and van de Kuilen 2014) are assumed. Further simulations not reported in this paper showed that when using such mean values of wood having knots, the predicted stiffness and failure stages deviate significantly from the experimental reference. In Section 4, a good agreement between the predicted and actual bending behavior is found using an elastic modulus of 12.8 GPa and a tensile strength of 63 MPa. This could be explained by a ''system effect'' when assembling lumber boards in a CLT configuration, which increases the panel stiffness and tensile strength, as also suggested by Jobstl et al. (2006) .
Discussion
Investigation on CLT panel properties
Since the discontinuous equivalent-layer gives a good prediction of crosslam bending behavior, parametric studies with this model are carried out in order to better understand CLT properties and quantify their advantages and limits. The considered bending configuration is a uniaxial bending and the out-of-plane load is an evenly distributed load. In this Section only the mechanical and deterministic behavior is considered.
Influence of transverse shear effects
The transverse shear weakness of CLT panels is due to the presence of cross layers and their low shear strength and stiffness. Shear effects in bending elements become more significant, while the slenderness ratio decreases. Figure 8 shows the failure load and mid-span deflection for a 3-ply and 5-ply CLT as a function of the plate's slenderness ratio L/h. The total plate's thickness h is assumed to be constant at 20cm for both 3-ply and 5-ply panels, while only the plate's span L changes. The slope variation of the failure load trend in Fig. 8a points out the change of failure mode as a function of the slenderness ratio. This derives from the linear and quadratic dependency of, respectively, shear and bending failure load from the slenderness ratio. Moreover, for a plate under a uniform uni-axial load, there is low interaction between bending and shear forces. While for low slenderness ratios the dominant failure mode is rolling shear (RS) in cross layers, when the plate is slender, the bending failure (namely L-c of upper layer) becomes the dominant failure mode. The transition slenderness from bending to shear failure turns out to be 15 for a 5-ply and 19 for a 3-ply. The 5-ply panel, having lower transition slenderness and slightly higher shear failure load, shows less weakness to rolling shear stresses than the 3-ply CLT. 
The difference between the deflection predicted using Pagano's solution (U 3;Pag ) and the deflection predicted using the Kirchhoff-Love plate theory for laminates (March 1936 ) (U 3;Kir ) which neglects the shear deformation, can quantify the shear contribution to the total deflection. Figure 8b presents the variation of this difference as a function of the CLT panel's slenderness ratio. When the plate's span increases, the increasing slenderness yields a negligible shear deflection and an increasing bending one. However, even when the panel is slender and the failure mode is bending, the shear contribution to deflection is still about 10 %.
Varying the number of layers for a fixed total thickness
Of particular interest in CLT applications is the optimal number of layers in the cross section to obtain the best mechanical behavior. Therefore, this study aims to show how the CLT mechanical response changes when the number of layers increases from 3 to 23 for a fixed total thickness, which involves a progressive thinning of layers.
The results are as follows expressed in terms of the panel's maximum vertical displacement U 3 and failure load For a plate in uni-axial bending only the layers parallel to the main direction bear the bending stresses, while the transverse layers do not contribute to global stiffness and strength. Hence, the progressive decreasing of the total thickness of longitudinal layers leads to higher deflections and lower failure loads. Unlike the slender case, the variation of failure load when the dominant effect is shear, decreases with oscillations (see Fig. 9a ). This is because CLT panels with a central longitudinal layer (5ply, 9ply etc.) have the cross layers placed at a distance from the cross-section's center (where the shear stresses are maximum), while for the other lay-ups (3ply, 7ply etc.), the central layer is cross and shear-compliant. Therefore, the trend of shear failure load is dependent on the kind of layup, in addition to the number of layers within the cross section.
From a deterministic point of view, homogenizing the panel in uni-axial bending by means of progressive thinner layers has a negative impact on the mechanical response. However, taking into account wood's defects such as knots (reliability approach), thinner layers could lead to more uniform CLT mechanical properties.
Varying cross layer orientation
A solution to mitigate CLT shear weakness could be varying the in-plane orientation of transverse layers, in order to change their actual shear stiffness and strength from TR to RL. Hence, in this section the effect of a progressive rotation of transverse layers on CLT bending behavior is analyzed. Four different configurations with varying layer lamination have been studied. Configurations called 1a and 1b (Figure 10 top) are five-layer panels and the difference between them is the opposite orientation of transverse layers. Configuration 2 comes from a study present in literature (Chen and Lam 2013) , which involved a 4-ply CLT with the two central layers oriented crosswise at ?45°and -45°. Finally, configuration 3 is a 3-ply plate whose central layer has variable orientation. At h ¼ 90 , all the configurations have the crosswise CLT lamination, while at h ¼ 0 they behave like a Glued Laminated Timber. Figure 10 illustrates the variation of elastic midspan deflection U 3 as a function of the layers' orientation h for the four configurations having the same total thickness h ¼ 200 mm. Both cases of a thick and slender panel are analyzed using respectively a span of 2m and 5m. While changing the panel's lamination from GLT to CLT, the deflection increases. This effect is particularly evident at a low slenderness ratio, showing that a variation of the actual shear modulus from G TR to G RL mitigates the shear deflection. The influence of the cross layers' direction on the panel's deflection is lower when increasing the slenderness ratio. For a thick panel, CLT 1a generally shows lower values of deflection than 1b which has opposite lamination of transverse layers. Configuration 2 leads to the highest values of deflection at low slenderness ratio, due to the considerable thickness of its central shear-compliant layers. When the bending effects become dominant, the configuration 2 shows lower values of deflection than the panels with five layers. This derives from the greater thickness of its upper and lower longitudinal layers (the middle one does not really contribute) than in CLT 5-ply. For the same reason the plate 3 with three layers presents generally the lowest values of deflection at every slenderness ratio when varying its transverse layer's orientation. Figure 11 presents the variation of failure load F c and failure mode as a function of the orientation of transverse layers. While for a dominant shear regime, varying transverse layer orientation leads to an increasing failure load (Fig. 11-left) , when dealing with a slender CLT, the effect of rotating cross layers becomes less significant (Fig. 11-right) . Interestingly, and contrary to the deflection case, the difference between failure load trends for solutions 1a and 1b is significant, especially at a low slenderness ratio. This means that imposing an opposite lamination of transverse layers leads to higher shear strengths while changing their orientation. At values of h between about 10°and 40°, all the CLT configurations of both slenderness present sharp drops in the failure load. Further analysis proved that in this range of h, the transverse layers are submitted to torsional effects which produce high in-plane shear stresses, leading to an unexpected plane shear failure (LN) of layers. Not surprisingly, considering the uni-axial bending configuration, the Glulam-like plate lay-up having all layers parallel to the bending direction, returns the best bending behavior. The favorable effect of rotating the transverse layers on the CLT mid-span deflection is more evident at low slenderness ratios, which are not very common in practical applications. Only thick CLT plates show increasing failure loads when rotating their transverse layers up to about 40°. After that lamination angle, plane shear stresses within cross layers increase drastically and lead to a failure load drop. Unless dealing with a thick panel and a dimensioning criterion driven by deflection, the low gains when varying transverse layer orientation make these configurations awkward to exploit.
Conclusion and perspectives
In the present paper, the bending behavior of CLT panels has been modeled by means of an equivalent layer model combined with a 3D elastic solution and a failure criterion. The heterogeneities at layer scale are taken into account by means of a homogeneous and equivalent layer whose mechanical properties change whether or not the narrow boards are glued to each other. Concerning the heterogeneities at the structure's scale, the exact 3D solution for layered plates in bending provides an accurate description of stresses, especially under concentrated loads. Moreover, such a solution leads to the analysis of non-orthotropic layups and requires reasonable computational times. A failure criterion for wood combined with the elastic stress field has been used to identify progressive failure stages highlighted by the experimental evidence. The plate stiffnesses and failure modes predicted with the continuous and discontinuous equivalent layers are in agreement with the corresponding actual glued or unglued stages. Edge-glued layers make the panel a little stiffer but introduce also an additional failure mode at low load levels. Therefore it appears that gluing narrow boards has almost no positive effects on the mechanical response of CLT panels in bending. Moreover, clear wood mechanical properties lead to an accurate prediction, even if the tested reference panel was affected by the presence of knots. This shows that assembling lumber boards in a CLT configuration increases raw wood stiffness and strength, especially tensile one. The discontinuous equivalent-layer gives a good description of both elastic and failure response and therefore is used to study the influence of some panels' parameters on the CLT bending response. The trend of failure load and shear deflection as a function of the panel's slenderness ratio clearly quantify the influence of shear effects in CLT in bending. However, this shear weakness does not only depend on the panel's slenderness, but also on the CLT lay-up. Concerning the variation in the number of layers for a fixed total thickness, the more the number of layers increases, the more the mid-span deflection increases and the failure load decreases. This means that ''homogenizing'' CLT panels in uni-axial bending yields a worse mechanical behavior from a deterministic point of view. Finally, CLT shear weakness can be mitigated by varying the lamination of cross layers, especially in terms of deflection and dealing with thick plates. However, the small gains in terms of uni-axial bending performance make these further CLT configurations not really interesting.
Note that the discontinuous equivalent layer suggested in this paper involves simplified hypotheses on the layer's in-plane shear stiffness (G LN ) and Young's modulus (E N ). The actual reduction of in-plane stiffnesses of a non edgeglued CLT panel can be significant, as pointed out by theoretical ) and experimental (Brandner et al. 2015) studies, but it is difficult to predict with simplified approaches. Therefore the hypotheses on the discontinuous layer's in-plane properties will be further investigated with a model currently in development Sab 2012, 2013) . This model can also predict the influence of stronger heterogeneities like periodic voids within the panel and filled by insulating material, in order to obtain lighter and more acoustically efficient floors for mid-rise and high-rise timber buildings.
